Ras proteins can activate at least three classes of downstream target proteins: Raf kinases, phosphatidylinositol-3 phosphate (PI3) kinase, and Ral-specific guanine nucleotide exchange factors (Ral-GEFs). In NIH 3T3 cells, activated Ral-GEFs contribute to Ras-induced cell proliferation and oncogenic transformation by complementing the activities of Raf and PI3 kinases. In PC12 cells, activated Raf and PI3 kinases mediate Ras-induced cell cycle arrest and differentiation into a neuronal phenotype. Here, we show that in PC12 cells, Ral-GEF activity acts opposite to other Ras effectors. Elevation of Ral-GEF activity induced by transfection of a mutant Ras protein that preferentially activates Ral-GEFs, or by transfection of the catalytic domain of the Ral-GEF Rgr, suppressed cell cycle arrest and neurite outgrowth induced by nerve growth factor (NGF) treatment. In addition, Rgr reduced neurite outgrowth induced by a mutant Ras protein that preferentially activates Raf kinases. Furthermore, inhibition of Ral-GEF activity by expression of a dominant negative Ral mutant accelerated cell cycle arrest and enhanced neurite outgrowth in response to NGF treatment. Ral-GEF activity may function, at least in part, through inhibition of the Rho family GTPases, CDC42 and Rac. In contrast to Ras, which was activated for hours by NGF treatment, Ral was activated for only ϳ20 min. These findings suggest that one function of Ral-GEF signaling induced by NGF is to delay the onset of cell cycle arrest and neurite outgrowth induced by other Ras effectors. They also demonstrate that Ras has the potential to promote both antidifferentiation and prodifferentiation signaling pathways through activation of distinct effector proteins. Thus, in some cell types the ratio of activities among Ras effectors and their temporal regulation may be important determinants for cell fate decisions between proliferation and differentiation.
Ras proteins have the capacity to influence a wide variety of cellular processes, including cell cycle control, induction of differentiation, rearrangement of the actin cytoskeleton, apoptosis, and specific functions associated with fully differentiated cells (for reviews, see references 6 and 29) . A growing body of evidence supports the idea that this is due, at least in part, to the ability of Ras proteins to influence multiple downstream target proteins. To date, the active GTP-bound form of Ras has been shown to bind to and activate three classes of proteins in cells: Raf protein kinases, phosphatidyl inositol-3 phosphate (PI3) kinase, and Ral-specific guanine nucleotide exchange factors (Ral-GEFs) (for a review, see reference 20) .
Active Ras targets Raf kinases to the plasma membrane, where a secondary event, apparently phosphorylation, leads to kinase activation. Activation of Raf initiates a kinase cascade involving MEK and Erk proteins. Active Erk can alter cytoplasmic processes as well as influence events in the nucleus by phosphorylating transcription factors (for a review, see reference 31).
Active Ras also binds to and activates PI3 kinase, which can generate PtdIns-3,4-P 2 and PtdIns-3,4-5-P 3 (for a review, see reference 7). These signaling molecules have many functions in cells, including stimulation of signaling cascades that lead to Akt kinase, S6 kinase, and protein kinase C activation. PtdIns-3,4-5-P 3 has also been shown to activate GEFs for Rac GTPases (13, 34) , which can then promote a signaling cascade leading to Jun N-terminal kinase (JNK) activation. Active Rac proteins also have unique effects on the actin cytoskeleton (35) .
More recently identified targets for Ras are a family of Ral-GEFs. These proteins promote the GTP-bound state of RalA and RalB, which comprise a distinct family of Ras-related GTPases (for a review, see reference 11). Four of these GEFs, Ral-GDS, RGL1 and RGL2, and Rlf, have domains that interact preferentially with active Ras-GTP. A fifth Ral-GEF, termed Rgr, was isolated as part of a fusion protein generated during transfection experiments (4) . The fusion protein, termed Rsc, was cloned by its ability to confer tumorforming activity on NIH 3T3 cells. The oncogenic activity derived from the exchange factor part of the fusion protein. Only a partial cDNA of Rgr has been cloned, so whether it is regulated by Ras binding or by some other upstream signal remains to be determined.
Ras binding activates Ral-GEFs (46, 50) , at least in part, by targeting them to their substrates, Ral GTPases, which are present in the plasma membrane (24) . All extracellular signals tested to date that activate Ras in cells also promote the GTPbound state of Ral in a Ras-dependent manner (52) . However, evidence suggests that Ral proteins are also activated by Rasindependent pathways that may be mediated by calcium (14, 46, 51) . The functions of Ral proteins are only now beginning to be revealed. Recent experiments suggest they can influence at least two classes of signaling molecules. In the active GTPbound state, Ral proteins can bind to RalBP1 (or RLIP or RLP), a GTPase-activating protein for CDC42 and Rac GTPases (3, 21, 37) . Thus, one role for Ral may be to negatively regulate these Rho family GTPases. Ral proteins also appear to be associated constitutively with a phospholipase D1 (PLD1) (18, 27, 28) . Although Ral binding itself does not activate PLD1, it does enhance PLD1 activation by the Arf GTPase (23) . Thus, Ral may target PLD into a Ras-induced signaling complex, where the enzyme becomes activated to generate phosphatidic acid from phosphatidyl choline. Phosphatidic acid can then function on its own in cell signaling or be converted to diacylglycerol, an activator of a wide variety of signaling molecules (for a review, see reference 8) .
Most studies of Ras signaling have focused on its ability to promote cell proliferation and oncogenesis. In these systems activation of the Raf kinase by Ras plays a major role. In many cases constitutive activation of this kinase can promote cell cycle progression and an oncogenic phenotype on its own, while inhibition of Raf-induced Erk activation suppresses transformation (43) . Active PI3 kinases or Ral-GEFs have weaker oncogenic effects on their own (4, 19, 50) , but they can clearly complement Raf effects in promoting cell proliferation and oncogenesis in immortalized fibroblast cell lines (39, 48) . Furthermore, inhibition of Ral-GEF or PI3 kinase activities can suppress certain aspects of oncogenic transformation by Ras (22, 46) .
However, in certain cell types, like primary fibroblasts and PC12 cells, Ras activity can produce the opposite effect, cell cycle arrest (12) . In PC12 cells, this cell cycle arrest is associated with induction of cell differentiation into a neuronal phenotype. Activation of Ras by nerve growth factor (NGF) in PC12 cells is critical for neurotrophin-induced neurite outgrowth and cell cycle arrest (38, 53) . Ras-activated Raf and PI3 kinases play important roles in mediating this effect. First, activated forms of Raf or PI3 kinases can produce, at least in part, effects similar to those of activated Ras (25, 53) . Second, inhibition of the Ras-Raf-Erk kinase cascade (40) or PI3 kinase activity (16) prevents NGF-induced neurite outgrowth. The kinetics and magnitude of signaling pathway stimulation may also be important. Epidermal growth factor (EGF) may fail to promote differentiation and cell cycle exit because it activates Ras and the Raf-Erk pathway only transiently (5, 45) .
In this study, we investigated the contribution of the Ral-GEF signaling pathway to NGF-induced differentiation of PC12 cells. We found that Ral-GEF signaling opposed the actions of Raf and PI3 kinase signaling. In particular, constitutive elevation of Ral-GEF activity suppressed neurite outgrowth and cell cycle arrest induced by NGF, whereas constitutive inhibition of Ral-GEF activity enhanced the rate of NGF-induced neurite outgrowth and cell cycle exit. However, NGF activated Ral only transiently, suggesting that Ral-GEF functions to delay the onset of cell cycle arrest and neurite outgrowth induced by NGF.
MATERIALS AND METHODS
Cell culture and transfections. PC12 cells were cultured in Dulbecco's modified Eagle's medium plus 5% horse serum and 5% iron-enriched calf serum. For transfections, cells were plated on laminin-poly-L-lysine-coated coverslips at a density of 10 4 cells/coverslip (ϳ50% confluent). Eighteen hours later, DNA (total 2 g) was added to 500 l of OPTIMEM I containing 6 l of Pfx-1 (Invitrogen). The cells were exposed to this solution for 4 h at 37°C. The solution was then replaced with complete medium. The next day, the medium was replaced with either complete medium or low-serum medium (containing 0.5% horse serum). In some cases, NGF (50 ng/ml) was added at this time. Transfection efficiency averaged ϳ30%. For fos gene reporter assays, 100 ng of the complete fos promoter coupled to firefly luciferase (gifts from B. Cochran, Tufts Medical School) was transfected into 2 ϫ 10 5 PC12 cells (in 35-mm-diameter dishes) by the procedure described above. The cells were then grown in lowserum medium for 2 days. A control plasmid, pRL-TK (Promega), containing the minimal herpes simplex virus thymidine kinase promoter coupled to the Renilla luciferase gene was cotransfected in each experiment for an internal control to compensate for differences in transfection efficiency. Cells were lysed and assayed for firefly and then Renilla luciferase activities on a luminometer, as described by the manufacturer.
Antibodies. ␣-RalA antibodies were generated in rabbits with a glutathione S-transferase (GST)-RalA fusion as the antigen. Antibodies were affinity purified with RalA Sepharose. Mouse ␣-RalA monoclonal antibody, ␣-RalB polyclonal antibodies, and rabbit ␣-CDC42 and ␣-Rac antibodies were purchased from Transduction Laboratories. Mouse ␣-MYC epitope antibodies were isolated from culture media from the 9E10 hybridoma cell line. Mouse ␣-BrdU antibody was obtained from Boehringer Mannheim, while rabbit anti-␤-galactosidase antibodies were a gift from Amy Yee, Tufts Medical School.
Immunofluorescence. Cells were fixed in 4% formaldehyde-phosphate-buffered saline (PBS) for 15 min at room temperature. The cells were incubated in bovine serum albumin for 30 min. The primary antibody in 1% bovine serum albumin-0.5% Saponin-PBS was added for 30 min at 37°C. The secondary antibody (fluorescein isothiocyanate [FITC]-conjugated or tetramethyl rhodamine isothiocyanate [TRITC]-conjugated anti-mouse or anti-rabbit immunoglobulin G) was prepared and used in a similar manner. The sample was mounted in 2% n-propyl gallate-50% glycerol-50% PBS. For actin staining, the cells were processed as described above but exposed to TRITC-labeled phalloidin (Molecular Probes) (0.1 g/ml) instead of primary antibodies.
BrdU labeling. At various times after transfection, the cells were pulsed with BrdU (30 M/ml) for 2 h at 37°C. The cells were then fixed in methanol-acetone for 15 min at Ϫ20°C. The primary antibody was either anti-Ral immunoglobulin G, anti-␤-galactosidase polyclonal antibody (a gift from A. Yee), anti-BrdU, or anti-MYC epitope (9E10) monoclonal antibody. The secondary antibodies used were the same as those described above.
DNA constructs. Many of the signaling molecules were subcloned into the vector pCAG(SB), which is driven by an actin promoter. Ral28N and Ral72L were excised from pBSK constructs (46) with BamHI and HindIII and cloned into these sites in pCAG(SB). The Ral exchange factor region, termed Rgr, of the oncogene product Rsc was isolated by PCR starting at codon 264 and ending at the translation stop codon, position 748. 5Ј and 3Ј BamHI cloning sites were included in the primers so that the PCR product could be cloned into pCAG(SB), which had been previously altered to contain DNA sequences encoding a MYC epitope followed by a BamHI cloning site. Ral-GDS, previously cloned into pJ4 (46) , was also cloned into MYC-pCAGSB via BamHI cloning sites. Dominant negative and activated forms of CDC42 were isolated by PCR, using primers with BamHI sites, which also allowed their cloning into pCAG(SB) in frame with sequences containing a MYC epitope tag. Wild-type Ras and effector mutants 12V37G and 12V35S in pSR␣ were obtained from M. White, University of Texas, Southwestern Medical School.
Ral-GTP and Ras-GTP precipitation assays. For quantitation of GTP-bound Ral proteins, amino acids 397 to 518 from RalBP1 were expressed as a GST fusion protein in Escherichia coli and affinity purified with glutathione agarose. Ten micrograms of immobilized fusion protein were incubated with 500 l (5 mg of protein/ml) of lysates of PC12 cells (in 50 mM Tris-HCl [pH 7.5] plus 150 mM NaCl, 20 mM MgCl 2 , 1% Nonidet P-40, and protease inhibitors) for 2 h at 4°C. The beads were then washed in lysis buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by immunoblotting with antibodies to either RalA or RalB. For quantitation of GTP-bound Ras, the GST fusion construct of the Ras-binding domain of Raf was used in a similar fashion except that the immunoblots were probed with anti-Ras antibodies (Upstate Biotechnology).
RESULTS
Excess Ral-GEF activity suppresses NGF-and Ras-induced neurite formation. A strong body of evidence supports the idea that Ras can induce Ral-GEF activation. Consequently, the influence of this putative Ras effector system on neurite outgrowth of PC12 cells was assessed by altering the activity of Ral-GEFs in these cells. To elevate Ral-GEF activity, we first expressed a Ras mutant (12V37G) that preferentially activates Ral-GEFs over Raf or PI3 kinases (49) . The mutant was transiently transfected into PC12 cells, and 3 days later cells expressing the protein were identified by immunofluorescence with anti-Ras antibodies. Greater than 90% of cells expressing Ras12V37G failed to display neurites (Fig. 1A, left panel) . In contrast, significant neurite outgrowth was observed in greater than 80% of cells expressing a mutant Ras12V35S, which is known to preferentially activate Raf kinases (48) (Fig. 1A , right panel). These results suggest that unlike Ras-induced Raf activation, Ras induced Ral-GEF activation is not sufficient to promote neurite outgrowth.
Ras12V37G expression was then tested for its effects on NGF-induced neurite outgrowth. As expected, the addition of NGF to control PC12 cells (grown in low-serum medium to enhance the effect of NGF) promoted the initiation of neurite outgrowth when examined 2 days later (Fig. 1B, (Fig. 1C) . Greater than 90% of cells expressing the mutant Ras protein had no detectable neurites after NGF treatment. Although it is known that Ras12V37G activates Ral-GEFs more efficiently than Raf or PI3 kinase in cells, it may also activate additional undefined Ras effector proteins. To confirm that the observed inhibitory effect on neurite outgrowth was due, at least in part, to activation of the Ral-GEF signaling pathway, the cells were cotransfected with a dominant negative Ral28N mutant. Coexpression of this mutant partially restored the ability of NGF to initiate neurite outgrowth in Ras12V37G-expressing cells (Fig.  1D ). Greater than 80% of cells expressing both Ras12V37G and Ral28N initiated neurite outgrowth. Ral28N is analogous to Ras17N and thus cannot bind to downstream targets even when it is in the GTP-bound state (3, 9) . Therefore, it is thought to suppress the activity of Ral-specific GEFs in cells by binding to their catalytic domains and forming dead-end complexes (41) . This finding argues that Ras12V37G inhibits neurite outgrowth at least in part by promoting Ral-GEF activity.
To gain additional support for this idea, the isolated catalytic domain of a Ral-GEF, Rgr (4), was transiently transfected into PC12 cells. Expression of Rgr also suppressed the initiation of neurite outgrowth after NGF treatment in greater than 80% of transfected cells (Fig. 1E ). This inhibition was detectable even when cells were given repeated doses of NGF, which yielded more extensive neurites in control cells (compare left and right panels of Rgr was also transiently transfected into PC12 cells after they had already been induced to differentiate by repeated NGF treatment. In this case, neurites were still present (data not shown), arguing that excessive Ral-GEF activity prevents NGF-induced neurite outgrowth but does not cause the retraction of existing neurites.
Inhibition of Ral-GEF activity enhances NGF-induced neurite outgrowth. Since elevated Ral-GEF activity was associated with the suppression of neurite outgrowth, we investigated the effect of inhibiting endogenous Ral-GEF activity. This was accomplished by transfection of the dominant inhibitory Ral28N mutant described above. After transfection, PC12 cells were treated with NGF, again under low-serum conditions. Two days later the morphology of transfected cells (detected with a Ral-specific antibody) was compared to that of nontransfected cells. As expected, NGF promoted modest neurite outgrowth in most of the nontransfected cells ( Fig. 2A ; note the cells labeled in the right panel but not the left panel). Strikingly, cells expressing inhibitory Ral28N displayed dramatically enhanced neurite outgrowth ( Fig. 2A) . Greater than 90% of NGF-stimulated PC12 cells expressing Ral28N had neurites that were greater than three times the length of their cell bodies. Less than 1% of nontransfected cells displayed neurites of similar size. The effects of Ral28N expression required NGF stimulation, since Ͻ5% of unstimulated cells or cells treated with EGF had neurites longer than those of nontransfected cells (data not shown). Similar results were observed when the experiments described above were performed in high-serum medium.
To test for the specificity of this effect, a dominant negative Ral mutant with a mutation in its lipid modification site (cysteine to serine 208) was used. It is known that this defect inactivates dominant negative GTPases (10) . Expression of this mutant (Ral28NSAAX) in PC12 cells had no detectable effect on NGF neurite outgrowth (Fig. 2B) . Neurites that were greater than three times the width of the cell body were found in less than 5% of transfected cells. In addition, while transfection of MYC-tagged Ral-GDS did not have any effect on NGF-induced neurite outgrowth (data not shown), it did prevent the long neurites normally associated with Ral28N expression (Fig. 2C ). This finding is consistent with the proposed mode of Ral28N action.
These findings, along with those generated with Ras12V37G and an active Ral-GEF, show that constitutive activation of the Ral-GEF signaling pathway suppresses neurite outgrowth and inhibition of this pathway enhances neurite outgrowth induced by NGF. Thus, Ras-induced Ral-GEF activation opposes the neurite-stimulatory actions of the other Ras target proteins, Raf and PI3 kinases.
Changes in Ral-GEF activity alter cell cycle regulation. As part of its differentiation-inducing effect, NGF treatment causes PC12 cells to exit from the cell cycle. Therefore, one possible mechanism participating in Ral-GEF-induced changes in differentiation potential was a disturbance in cell cycle regulation. To test this hypothesis, the proportion of PC12 cells progressing through the S phase of the cell cycle under various conditions was evaluated by BrdU labeling. PC12 cells were transiently transfected with a ␤-galactosidase reporter clone to allow detection of transfected cells. At various times, the cells were then exposed to BrdU for 2 h and then stained for BrdU uptake with mouse ␣-BrdU monoclonal an- tibodies (Fig. 3) . As has been shown previously (47) , treatment of cells grown in high-serum medium with NGF for 4 days suppressed BrdU labeling, such that only ϳ7% of transfected cells were labeled compared to ϳ47% for untreated control cells (Fig. 3A) . In contrast, cells cotransfected with Ras37G maintained ϳ25% BrdU labeling after NGF treatment. This value is likely an underestimate because not all of the cells expressing ␤-galactosidase also expressed Ras12V37G. The effect of Ras37G on the cell cycle was mediated at least in part by Ral-GEF activation, since coexpression of Ral28N reversed the effect of the Ras mutant. Importantly, transfection of Rgr also suppressed NGF-induced cell cycle exit, as evidenced by BrdU labeling of 20% of the cells (Fig. 3A) . Thus, one mechanism of Ral-GEF-induced inhibition of PC12 cell differentiation may be preventing NGF-induced cell cycle arrest.
The effect of inhibiting Ral-GEF activity on cell cycle regulation was analyzed in a similar way. Ral28N expression caused cell cycle arrest in cells grown in high-serum medium such that the BrdU-labeling efficiency of transfected cells was similar to that of NGF-treated control cells (Fig. 3A) . Ral 28N expression also accelerated cell cycle arrest induced by NGF, such that maximal inhibition of BrdU uptake occurred after only 2 days of NGF treatment versus 4 days for control NGF-treated cells (Fig. 3B) . These findings suggested that at least part of the mechanism underlying Ral28N enhancement of neurite outgrowth was acceleration of cell cycle exit. However, we observed that serum starvation also accelerated cell cycle exit in NGF-treated cells and that this rate was augmented only marginally in cells expressing Ral28N (Fig. 3C) . Nevertheless, Ral28N expression dramatically enhanced neurite outgrowth even when PC12 cells were serum starved along with NGF treatment (Fig. 2A) . These findings argue that an additional mechanism besides accelerated cell cycle exit is involved in enhanced neurite outgrowth induced by Ral28N expression.
Connection between Ral and Rho family GTPases. Although the functions of Ral GTPases in cells are poorly understood, recent findings suggest that they may be connected to the functions of the Rho family of GTPases. For example, a putative downstream target protein that binds to Ral-GTP, termed RalBP1 (or RLIP or RIP) (3, 21, 37) , is a GTPase-activating protein for CDC42 and Rac. In addition, Ral is constitutively associated with a PLD isoform in cells (18) that may be activated by Rho family proteins (1, 27) . Interestingly, like Ral-GEF, elevation of Rho activity also inhibits neurite outgrowth, while suppression of Rho activity promotes neurite outgrowth (17, 26) . Thus, it is possible that Ral and Rho influence neurite outgrowth cooperatively through PLD regulation. We have previously shown that PLD binding to Ral requires the N terminus of the GTPase. Moreover, expression of a Ral mutant lacking this region (⌬N11Ral) acts as a dominant negative molecule that blocks src-induced PLD activation as efficiently as expression of Ral28N (18) . Thus, if Ral28N expression promotes neurite outgrowth mainly by suppressing PLD activation, expression of ⌬N11Ral should produce a similar phenotype. However, Fig. 4A (left panel) shows that this was not the case. Expression of the deletion mutant had no detectable effect on NGF-induced neurite outgrowth in PC12 cells, suggesting some other function of Ral is involved.
If enhanced Rho activity promotes neurite retraction by activating a PLD that requires proper localization by active Ral, then neurites expressing Ral28N should be resistant to the effects of Rho activation. It has been shown that lysophosphatidic acid (LPA) can activate Rho to induce neurite retraction in PC12 cells (17) . Neurites induced by Ral28N expression still retracted in response to the addition of LPA (Fig. 4A, In contrast to Rho, enhanced CDC42 and Rac1 activities have been reported to promote neurite outgrowth in PC12 cells (26) . We found that under the conditions we employed, expression of GTPase-deficient 61LCDC42 or 61LRac1 did not promote neurite outgrowth on their own (data not shown). However, 61LCDC42 did clearly enhance neurite outgrowth induced by NGF treatment (Fig. 4B ) while 61LRac1 had a less pronounced effect. Since the Ral target, RalBP1, is a GTPaseactivating protein (GAP) for CDC42 and Rac, Rgr expression might inhibit CDC42 and/or Rac by activating RalBP1. If this were the case, inhibition of neurite outgrowth by Rgr expression might be suppressed by expression of a GAP-resistant, constitutively activated form of CDC42 and/or Rac. Consequently, 61LCDC42 and 61LRac1 were transfected into PC12 cells along with MYC-Rgr. Figure 4C and D shows that, as predicted, most cells expressing both Rgr and 61LCDC42 or 61LRac grew neurites after NGF treatment to a degree similar to that found in cells expressing only the activated GTPases ( Fig. 4C and D) .
These results added support to the idea that Rgr may function by blocking CDC42 and/or Rac activity. If this is correct, inhibition of these GTPases by expression of dominant negative Rac or CDC42 in PC12 cells would be expected to mimic the effects of Rgr expression. Microinjection of 17NCDC42 or 17NRac1 have already been shown to block NGF-induced neurite outgrowth (26), and we obtained similar results by transient transfection (data not shown). Moreover, like Rgr, expression of 17NRac1 or 17NCDC42 also partially suppressed NGF-induced cell cycle arrest (Fig. 3A) .
According to this model, suppression of Ral activation by Ral28N expression might inhibit RalBP1 activity. This would allow more efficient activation of CDC42 and Rac in NGFstimulated PC12 cells. If so, Ral28N induction of neurite formation should be dependent upon CDC42 and/or Rac activation. To test this hypothesis, PC12 cells were cotransfected with Ral28N and MYC epitope-tagged dominant negative 17NRac1 or dominant negative 17NCDC42. As predicted, coexpression of either of these inhibitory GTPases blocked neurite induction by Ral28N (Fig. 4E and F) in Ͼ90% of cells expressing both proteins. These findings, using both dominant negative and activated Rho family GTPases, support the idea that Ral-GEFs function in this system, at least in part, through inhibition of CDC42 and Rac.
Ral-GEF and fos promoter regulation. In fibroblasts, activation of Ral-GEF signaling can stimulate the regulatory elements of the fos gene promoter, as detected in fos reporter assays (33, 36, 50) . It was proposed that this activity contributes to Ral-GEF's ability to complement Raf and PI3 kinase in cellular transformation. We therefore investigated fos gene regulation by Ral-GEF signaling in PC12 cells.
PC12 cells were transiently transfected with a fos promoterluciferase reporter construct containing the complete 5Ј upstream regulatory sequence of c-fos, and luciferase activity was measured 2 days later. Transfection of the catalytic domain of the Ral-GEF Rgr, which prevents neurite outgrowth in PC12 cells, enhanced Fos-luciferase activity approximately fivefold (Fig. 5A) . This effect was due to the protein's nucleotide exchange domain, since activity was suppressed by cotransfection of dominant negative Ral28N mutants but not dominant negative Ras17N mutants (Fig. 5A) . Similar results were obtained upon transfection of Ras12V37G (data not shown).
fos promoter activation was also observed upon transfection of Ras12V35S (data not shown), which enhances neurite outgrowth ( Fig. 2A) . Thus, fos promoter activation occurs regardless of whether a growth-promoting or cell cycle exit signal is generated, suggesting that fos promoter regulation by Rgr is not a major determinant of its effects on neurite outgrowth.
In addition, although transfection of Rgr led to fos promoter activation, inhibition of endogenous Ral-GEF activity by expression of dominant negative Ral28N mutants had little, if any, effect on NGF-induced Fos-luciferase activation (Fig. 5B) . Under these conditions, neurite outgrowth was enhanced dramatically ( Fig. 2A) . Thus, although the Ral-GEF pathway has the capacity to activate the fos promoter in PC12 cells, Ral-GEF activation makes only a small contribution to NGF regulation of the fos promoter.
Finally, fos promoter activation by Rgr expression was enhanced even further by NGF treatment (Fig. 5A and B) , consistent with the idea that NGF uses additional pathways (i.e., via Raf) to activate fos. These data also indicate that although NGF can no longer promote neurite outgrowth in Rgr-expressing cells, it is still capable of signaling from the cell surface to regulatory elements in the c-fos gene.
We were interested in determining if Ral-GEF was signaling to fos functions through CDC42 or Rac GTPases. These GTPases seem to be involved in Ral-GEF effects on neurite outgrowth, and they are capable of stimulating the fos promoter when activated. However, expression of dominant negative CDC42 or Rac had little, if any, effect on Rgr-induced fos promoter activity, indicating that some other signaling pathway from Ral-GEFs is involved in fos promoter activation (Fig.  5A) .
NGF induces transient activation of Ral in PC12 cells. The results described above argue that signals emanating from RalGEFs have the potential to inhibit the differentiation of PC12 cells by antagonizing the actions of the Ras effectors, Raf and PI3 kinase. Yet NGF leads to neurite outgrowth in PC12 cells. Thus, we attempted to determine whether NGF does, in fact, FIG. 5 . Influence of Ral-GEF activity on fos gene regulation in PC12 cells. Cells were transfected with a Fos-luciferase reporter construct along with a minimal thymidine kinase promoter-Renilla reporter construct (as an internal control for transfection efficiency) and various expression plasmids. In some instances, NGF (50 ng/ml) was added to the cells 24 h later. After 2 days, firefly luciferase and Renilla luciferase activities were measured in cell lysates. The data are reported as the ratio of firefly-luciferase to Renilla luciferase activities and represents the average (Ϯ standard deviation) of at least two experiments, each performed in duplicate.
stimulate a signaling pathway initiated by Ral-GEFs by measuring the activation state of Ral-GEF substrates RalA and RalB. A fragment of RalBP1 known to bind preferentially to GTP-Ral (3) was used as an affinity reagent to isolate and quantitate active Ral proteins from stimulated cells. This approach had already been used successfully to measure active Ral in platelets and fibroblasts (51, 52) . Lysates of PC12 cells that had previously been stimulated for various times with NGF were exposed to a fusion protein of GST-Ral-binding domain of RalBP1 immobilized on glutathione agarose. After being washed, the bound proteins were immunoblotted with anti-RalA or -RalB antibodies. NGF treatment led to a rapid increase in the content of GTP-RalB, which peaked at ϳ7 min, was maintained for ϳ20 min, and then returned to baseline by 30 min (Fig. 6A) . Total levels of RalB in cell lysates remained constant (Fig. 6A) . NGF-induced changes in GTP-RalA were more modest and difficult to document convincingly, possibly because the basal level of GTP-RalA bound to RalBP1 beads was higher (Fig. 6A) . The GTP-bound state of Ral proteins could have been affected by changes in the activity of signaling molecules other than Ral-GEFs, such as Ral-GAPs. Nevertheless, these results show that a signaling pathway that can be initiated by Ral-GEFs is activated upon NGF stimulation, although only transiently. Similar results were obtained when cells were treated with EGF (data not shown). A similar analysis was performed for Ras, using the Ras-binding domain of Raf and antibodies that recognize RasH, RasN, and RasK. As has been shown previously, NGF treatment rapidly activated Ras, but unlike Ral, Ras-GTP levels persisted for at least 2 h (Fig. 6B) .
We attempted to determine whether NGF activation of RalB was dependent upon Ras activation by studying a commonly used PC12 cell line that constitutively expresses dominant negative Ras17N. This cell line fails to promote neurites in response to NGF treatment (44) . Figure 6C shows that RalB still became activated by NGF treatment, although to a slightly lesser degree. In addition, the duration of RalB activation was reduced from 20 min in control cells to ϳ10 min in Ras17N cells.
Because Ras17N expression had a partial effect on RalB activation, we investigated the extent of Ras inhibition in this cell line by measuring the content of Ras-GTP upon NGF stimulation, as described above. Figure 6D shows that the rise and duration of elevated Ras-GTP levels were clearly less than in control PC12 cells. However, Ras activation was not completely blocked in that a small but reproducible increase in Ras-GTP levels was observed for ϳ7 min. Similar conclusions were reached when Erk activation by NGF treatment was assessed (data not shown). Thus, it is not certain that the elevation of GTP-Ral levels detected in Ras17N cells was truly Ras independent.
Nevertheless, it is clear from experiments on normal PC12 cells that Ral activity was not coupled to Ras activity during later periods (20 min to 2 h). This uncoupling of Ral from Ras may be necessary for NGF-induced neurite outgrowth, since we showed in Fig. 1 that constitutively elevated Ral-GEF activity suppressed NGF-induced differentiation of PC12 cells.
DISCUSSION
In PC12 cells, constitutive Ras activity promotes cell cycle arrest and differentiation into a neuronal phenotype. This phenotype is mediated in part by Ras-induced Raf activation, since constitutively activated versions of Raf can mimic, at least to some extent, the effects of activated Ras (53) . Moreover, inhibition of the Ras-Raf-Erk pathway blocks stimulus-induced neurite outgrowth (40) . Similar conclusions have been reached for Ras-induced PI3 kinase activity (16, 25) . Remarkably, we have shown here that a third class of downstream Ras target, Ral-specific exchange factors, promotes the opposite effect. In particular, transfection of either a mutant Ras12V37G that preferentially activates Ral-GEFs over Raf or PI3 kinase, or an isolated catalytic domain of a Ral-GEF (Rgr), suppressed neurite outgrowth induced by NGF. Importantly, not all NGF signaling was blocked, since NGF treatment still enhanced fos promoter activation in Rgr-expressing cells. Rgr expression also suppressed neurite outgrowth promoted by a Ras mutant (12V35S) that preferentially activates Raf, documenting that Ral-GEF signaling antagonizes the action of other Ras effector pathways in this system. Importantly, transfection of a dominant negative Ral28N mutant, which is thought to prevent the catalytic domain of all Ral-GEF family members from activating endogenous Ral proteins, enhanced NGF induction of neurite outgrowth. Again, this is the opposite of what is observed when Rasinduced Raf or PI3 kinase activities are blocked in PC12 cells. Moreover, not all signaling via NGF receptors was altered, because NGF induction of fos gene activation was affected little if at all in cells expressing Ral28N. Together, these findings show that one potential function of Ral-GEF signaling in PC12 cells is to suppress neurite outgrowth.
Since NGF induction of neurite outgrowth is associated with cell cycle arrest, a possible mechanism involved in Ral-GEF action could be the prevention of cell cycle exit. Alternatively, Ral-GEF activity could allow cell cycle arrest but inhibit cellular machinery involved in neurite outgrowth, such as the actin cytoskeleton. The latter mechanism is plausible because a putative Ral target protein, RalBP1, is a GAP for the actinregulating CDC42 and Rac GTPases. Support for the first model came from the observation that changes in Ral-GEF activity dramatically affected the cell cycle in a manner consistent with observed effects on neurite outgrowth. For example, expression of Ras37G or the Ral-GEF Rgr suppressed cell cycle exit upon NGF stimulation. In some experiments, NGF stimulation was performed during serum starvation, so that Ral-GEF activity overcame two growth-suppressing signals. When Rgr was expressed in differentiated cells, existing neurites remained intact, suggesting that the primary effect of the Ral pathway in this system is to influence the formation of neurites rather than their maintenance. However, it is likely that Ral-GEF proteins play an additional role in fully differentiated neurons, since Ral GTPases are expressed at high levels at nerve endings (2) .
Inhibition of endogenous Ral-GEFs by expression of dominant negative Ral28N had the opposite effect. It promoted cell cycle exit in growing populations of PC12 cells as efficiently as NGF treatment did. However, unlike NGF treatment, expression of Ral28N was not sufficient to promote neurite outgrowth. Ral28N expression also accelerated cell cycle exit induced by NGF treatment of cells growing in serum, which is consistent with its ability to enhance NGF-induced neurite outgrowth under these conditions. Serum starvation also accelerated cell cycle exit. Like Ral28N, serum starvation also was not sufficient to promote neurite outgrowth. This suggested that Ral28N expression and serum starvation might both work solely by enhancing cell cycle exit. However, Ral28N expression in serum-starved cells had little additive effect on cell cycle exit, yet it still dramatically enhanced neurite outgrowth induced by NGF (Fig. 2) . Apparently, inhibition of Ral-GEF promotes neurite outgrowth by an additional mechanism.
To enhance Ral-GEF activity in cells, we transfected either a Ras mutant shown to preferentially activate Ral-GEFs or an isolated catalytic domain of the Ral-GEF Rgr (4) . The only known function of this fragment of Rgr is Ral activation, so it is likely that some function of this GTPase is responsible for suppressing cell cycle arrest induced by NGF. However, we did not observe comparable inhibition (or enhancement) of NGFinduced neurite outgrowth by expression of constitutively activated Ral mutants (data not shown). The fact that a Ral-GEF displays stronger biological activity than a GTPase-deficient version of its target protein has also been observed in fibroblasts (36, 49, 50) . In that system, Ral-GEF activity complements fos gene activation and growth-promoting functions of Raf more efficiently than activated Ral. The reasons for this unusual phenotype are not yet known. Thus, we cannot completely exclude the possibility that the catalytic domain of the Ral-GEF used here, and Ral-GDS, RGL, and Rlf used in the experiments on fibroblasts, actually activate a GTPase different from Ral.
Ral GTPases are capable of interacting with at least two classes of signal transduction molecules that could potentially account for the effects on PC12 cells observed here. One is a PLD, and the other is a GAP for Rac and CDC42 GTPase. Ral proteins can bind to PLD1 and augment its activation by the Arf GTPase (18, 27, 28) . Another protein capable of activating PLD1 is the Rho GTPase (1, 30) . Interestingly, like that of Ral-GEFs, Rho activity also inhibits neurite outgrowth, and suppression of Rho activity enhances neurite outgrowth. Thus, we investigated whether cooperative regulation of PLD1 by Rho and Ral might account for the similar phenotypes of the two GTPase pathways. However, our data do not support this model. First, transfection of a mutant Ral lacking the segment required for PLD binding did not enhance neurite outgrowth. This mutant has been shown to block tyrosine kinase activation of PLD in fibroblasts and would be expected to mimic the effects of Ral28N expression if PLD activation was involved (18) . Second, neurites induced by expression of Ral28N were still sensitive to neurite retraction induced by LPA, which functions through Rho activation. Ral28N-induced neurites would be resistant to LPA if active Ral and Rho were both required to inhibit neurite outgrowth through activation of a common PLD. Finally, activation of Rho causes retraction of fully formed neurites, whereas expression of Rgr did not.
We did find evidence supporting a role for CDC42 and Rac in Ral-GEF action. These GTPases have been implicated in Ral function by the observation that the Ral target, RalBP1, is a CDC42 and Rac GAP and thus has the potential to negatively regulate these proteins. A simple hypothesis is that RalGEFs activate Ral and then Ral activates the GAP activity of RalBP1, possibly by targeting it to Ral-containing membranes, where a fraction of active CDC42 and Rac might exist (Fig. 7) . This could explain, at least in part, the neurite-inhibitory effects of Ral-GEF overexpression, since suppression of CDC42 or Rac activity (by expression of dominant inhibitory mutants of these GTPases) has been shown previously (and here) to inhibit neurite outgrowth (26) . In addition, we found that expression of these dominant negative mutants mimicked the action of Rgr by suppressing NGF-induced cell cycle exit. We also found that expression of constitutively activated CDC42 or Rac mutants, which are insensitive to GAP proteins, at least partially reversed Rgr action.
Similarly, inhibition of Ral-GEF activity by Ral28N expression would be expected to potentiate CDC42 and Rac activity by suppressing RalBP1 activity (Fig. 7) . This might explain some of the neurite-enhancing effects of Ral28N expression, since constitutively activated CDC42 and Rac have been shown here and previously by others to potentiate NGF-induced neurite outgrowth (26) . Our observation that dominant negative CDC42 or Rac suppressed the effects of Ral28N on neurite outgrowth is also consistent with this model. Since RalBP1 has the capacity to bind to two highly related Eps homology domain proteins, Reps1 and POB (15, 55) , these proteins may also be involved in regulating neurite outgrowth in PC12 cells.
We have shown that Ras12V37G and Rgr expression can transactivate a reporter construct containing the regulatory sequences of the c-fos gene. A similar result was observed previously in fibroblasts by transfection of Ras37G (50) or the Ral-GEFs Ral-GDS, RGL, and Rlf (33, 36, 50) . Therefore, it is likely that Ral-GEF activity regulates PC12 cell function, at least in part, by altering gene expression patterns. However, discovery of the activation of the fos gene promoter in PC12 is not particularly revealing, since expression of Ras12V35S, which produces an effect which is the opposite of that of Rgr, also activates the fos promoter under the same conditions. Presumably, Ral-GEFs and Raf activate the fos promoter by different mechanisms and have the capacity to activate or inhibit different subsets of genes. Identification of Ral-GEF-specific alterations in gene expression may help reveal how these two signaling pathways induce opposing effects in PC12 cells.
Much attention has been focused on the Ras-induced RafErk kinase cascade as a dominant growth-promoting branch of the Ras effector signaling system. However, the results reported here in PC12 cells, along with previous results in fibroblasts and thyrocytes, highlight novel features of the growthpromoting activity of the Ras-induced Ral-GEF signaling cascade. First, the Ral-GEF we used in these studies, Rgr, was isolated as an oncogene whose protein product is capable of causing 3T3 cells to form tumors in animals, despite their lack of focus-forming activity in tissue culture (4) . Second, expression of a constitutively activated Rlf led to enhanced growth rates of 3T3 cells in culture (50) . Third, thyroid-stimulating hormone promoted cell proliferation in thyrocytes through a Ras-but not Raf-dependent signaling pathway. Expression of Ras37G mimicked this effect, and Ral28N expression blocked it, suggesting that Ras-induced activation of Ral-GEFs was responsible (32) . Finally, we show here that constitutive Ral-GEF activity promotes cell proliferation in NGF-treated PC12 cells while constitutive Raf and PI3 kinase activities promote cell cycle arrest and differentiation. Thus, elevated Ral-GEF activity can clearly promote cell proliferation. In fact, in the last two cell systems described above, cell proliferation is more tightly coupled to Ral-GEF activation than to Raf activation.
Recent studies document that Ral proteins can be activated by both Ras-dependent and Ras-independent pathways. Rasdependent pathways are thought to be mediated by a family of Ral-GEFs that can bind to and be activated by Ras-GTP (11) . The mechanism underlying Ras-independent Ral activation is not well understood beyond the fact that it can be initiated by elevated levels of calcium (14) . We have shown here that NGF can lead to elevated levels of RalB and, to a lesser extent, RalA. We attempted to determine the Ras dependence of this event by using a PC12 cell line whose endogenous Ras exchange factors are blocked by expression of the dominant negative Ras17N mutant. However, we detected residual Ras activation upon NGF stimulation, which made firm conclusions difficult. Nevertheless, the data suggest that Ras-dependent and Ras-independent mechanisms exist. Ras dependence was suggested by the fact that the extent and duration of Ral activation was reduced in the mutant cell line. Ras-independent Ral activation was suggested by the fact that a large decrease in Ras activation led to only a small decrease in Ral activation. Clearly, additional studies will have to be employed to dissect what may be a complicated mechanism of Ral regulation.
An important conclusion from this study is that the ratio of Ral-GEF, Raf, and PI3 kinase activities can determine whether PC12 cells proliferate or differentiate, with Ral-GEF promoting the former and Raf and PI3 kinase promoting the latter. The Raf-Erk signaling pathway can also promote cell cycle arrest in other cell types, such as primary fibroblasts (42, 54) , suggesting that this concept may be valid in other cell systems. The results reported here also show that the ratio of signals emanating from Raf and Ral-GEFs changes during PC12 cell stimulation. In particular, NGF activates both Erk and RalB acutely. However, Erk activation persists for hours, while Ral-GTP levels subside after ϳ20 min. Thus, Ral activation likely contributes primarily to the early effects of NGF on PC12 cells, where it serves to delay the onset of cell cycle arrest and differentiation induced by NGF. The rapid inactivation of the Ral signaling pathway appears to be necessary to permit subsequent NGF-induced cell cycle arrest and differentiation. Consistent with this notion is our observation that EGF, which can enhance the proliferation of PC12 cells, also promotes Ral activation transiently.
Why Ral is unresponsive to Ras after ϳ20 min of NGF stimulation remains to be determined. It is intriguing that recent results suggest that Raf also becomes uncoupled from Ras after acute activation in these cells (56) . Sustained activation of Erk in response to NGF was reported to be due to NGF activation of the Ras-related GTPase Rap1, which in turn was shown to activate B-Raf. Interestingly, existing evidence indicates that Rap does not activate Ral-GEFs in most cell types (46, 52) . It is tempting to speculate that Rap replaces Ras in activating Erk in the late stage of NGF signaling in PC12 cells, at least in part, to avoid sustained Ral-GEF activation.
